Genetic factors governing the interactions of pathogens with their host plants play an important role in determining disease resistance or susceptibility. Genetic analysis of resistance in hosts and avirulence in pathogens has demonstrated that resistant hosts often contain single loci that specify resistance against pathogens containing complementary avirulence genes (7) . This genetic pattern is the basis of the gene-for-gene hypothesis, which states that disease resistance is expressed only when the corresponding gene pairs are present in the two interacting partners (8) . Mutation or lack of either member of the gene pair usually results in a susceptible response (2, 13-15, 34, 41) .
Progress toward understanding the molecular basis of bacterial disease resistance has been facilitated by the molecular cloning and characterization of several bacterial avirulence genes (9, 12, 27, 35-37, 39, 40) . Nucleotide sequencing of these avirulence genes has shown that avirulence activity can be accounted for by a single open reading frame and that most avirulence genes encode putatively hydrophilic proteins (2, 32, 37) . Furthermore, some avirulence gene products have sequences in common (32, 37) , but for the most part avirulence genes encode dissimilar products with no sequence homology to known proteins.
Elucidation of the molecular basis of recognitional specificity and the expression of disease resistance ultimately will involve the cloning and characterization of a resistanceavirulence gene pair that genetically defines resistance. We have chosen to develop bacterial speck disease of tomato as a model system for this purpose because classical and molecular genetic techniques can be applied to both the host (Lycopersicon esculentum) and the pathogen (Pseudomonas syringae pv. tomato). Genetic analysis of disease resistance in this system has revealed that resistance to race 0 strains of * Corresponding author. P. syringae pv. tomato is controlled by a single resistance locus, Pto (29) . Pto was derived from the sexually compatible wild species Lycopersicon pimpinellifolium (28) and maps to the short arm of chromosome 5 at map position 30 (30) . Our initial goals were to determine whether an avirulence gene in P. syringae pv. tomato race 0 strains was responsible for limiting disease on Pto-containing tomato cultivars and whether this avirulence gene acted in the same manner as avirulence genes isolated from other pathogens. In this article, we report the cloning of such an avirulence gene, designated avrPto, from P. syringae pv. tomato race 0 and demonstrate that resistance to normally virulent strains of P. syringae pv. tomato containing avrPto segregates with the resistance locus, Pto. We also show that transconjugants of the soybean pathogen P. syringae pv (34) . All Pseudomonas strains were grown at 28°C on King's B (KB) medium (19) . E. coli strains were grown at 37°C on Luria medium (26) . Bacto Agar (Difco) was added to KB and Luria media for plate cultures. The following concentrations of antibiotics (Sigma) were used for selection: tetracycline, 10 ,ug/ml; rifampin, 100 ,ug/ml; spectinomycin, 20 ,ug/ml; streptomycin, 20 ,ug/ml; kanamycin, 25 ,ug/ml; cycloheximide, 50 ,ug/ml; nalidixic acid, 50 ,ug/ml; ampicillin, 50 ,ug/ml; and chloramphenicol, 25 ,g/ml.
To mobilize clones of DNA from E. coli DH5ao into P. syringae pv. tomato strains, plasmid pRK2013 was employed in triparental matings (4) . Plasmids from all transconjugants were isolated and transformed into E. coli. Plasmids were purified from E. coli and analyzed by restriction endonuclease digestion to verify their identities.
Standard techniques for subcloning procedures, plasmid preparations, DNA gel blots, and agarose gel electrophoresis were used (23) . DNA restriction endonuclease fragments were labeled with 32P by using random primers (5) . Genomic libraries of P. syringae pv. tomato DC3000 and JL1065 were constructed as previously described (34 (23) . Exonuclease III deletion and linker addition were performed as described previously (32) .
The DNA constructs used in this study are shown in Fig.  1 . Cosmid clone pPtlO-24 (Fig. 1A) , isolated from the JL1065 library, was partially digested with the enzyme Sau3A, treated with bacterial alkaline phosphatase, and size fractionated on an agarose gel. Fractions enriched for fragments in the 2-to 4-kb range were electroeluted from the gel and ligated into the BamHI site of pRK404 (3) to create plasmid pPtE2 (Fig. 1B) . The 2.2-kb BamHI-EcoRI fragment of pPtE2 was cloned into the BamHI-EcoRI site of pLAFR3 (35) to form pPtE21 (Fig. 1F ). Plasmids pPtE6 (Fig. 1E) and pPtE8 ( Fig. 1G ) contain the HindIII-XbaI and HindIII-PstI fragments, respectively, of pPtE2 cloned into vector pDSK519 (18) . Cosmid clone pPtDC5 (Fig. 1H ) was isolated from a DC3000 genomic library. Plasmid pPtDC38 was constructed by first ligating the 3.8-kb HindIII-ClaI fragment from pPtDC5 into the HindIII-ClaI site of pWB5A (36) and then isolating an EcoRI fragment containing the entire insert into the EcoRI site of pDSK519 (Fig. 1J) (Fig. 1K) .
Transposon mutagenesis. Plasmid pPtE2 was mutagenized with the TN3HoHo derivative (33) pHoKmGus (2) . Cosmid clone pPtDC5 was mutagenized with the TnphoA system as described elsewhere (10, 24) . The mutagenized clones were introduced into wild-type P. syringae pv. maculicola. Transconjugants were selected on KB medium containing the appropriate antibiotics and inoculated into tomato cultivar 76R, and the phenotypes were scored for virulence.
Growth of plants, plant inoculations, and bacterial growth curves. Seeds of the nearly isogenic tomato cultivars 76S (ptolpto) and 76R (PtolPto), representing six backcrossed generations, were obtained from Peto Seed Company (Woodland, Calif.). Centennial soybean seeds were obtained from N. Keen (University of California, Riverside). All plants were grown from seed in a greenhouse in clay pots with standard potting soil. Experimental plants were incubated in growth chambers with 16-h photoperiods at 25°C.
Reactions of plants to infection by P. syringae pv. tomato were determined by infiltrating bacterial suspensions of approximately 5 x 105 CFU/ml into leaves as previously described (36) . Host reactions were scored after 3 days as either susceptible, typified by dark specks surrounded by chlorotic halos, or resistant, typified by the absence of specks and chlorosis at the inoculation site. Reactions of plants to infection by P. syringae pv. maculicola were determined by infiltrating 5 x 10' CFU/ml into leaves. These reactions were scored after 2 days as either susceptible, typified by spreading confluent necrosis, or resistant, typified by the absence of lesions. Soybean plants were infiltrated with a suspension of P. syningae pv. glycinea (5 x 108 CFU) and scored after 3 days. Host . This construct was used to make the site-directed gene replacement strain DC3000TN322 (see text for details). (J) Clone pPtDC38 contains the 3.8-kb HindIII-ClaI fragment from pPtDC5 in pDSK519. (K) Clone pAavrPto is a pLAFR3 construct containing the EcoRI fragment from pDC5 with a 2.5-kb deletion at the XbaI site and insertion of a 2-kb fl fragment (shaded rectangle). This construct was used to create the deletion exchange mutant DC3000AavrPto (see text for details). Avirulence activity was tested by conjugating the clones individually into P. syringae pv. maculicola or pv. tomato, inoculating the transconjugants into tomato cultivar 76R, and scoring the resulting reactions as described in Materials and Methods. +, avirulent; -, virulent; B, BamHI; C, ClaI; E, EcoRI; H, HindIII; P, PstI; S, Sau3A; X, XbaI. either susceptible, typified by spreading water-soaking, or hypersensitive, typified by necrosis at the inoculation site. The reactions of the P. syringae pv. tomato, P. syringae pv. maculicola, and P. syingae pv. glycinea strains inoculated into 76R and 76S are shown in Table 2 .
Time course studies of bacterial growth were carried out with 4-week-old tomato and 2-week-old soybean cultivars. Leaves were vacuum infiltrated with bacterial suspensions of 5 x 104 to 2 x 106 CFU/ml. Infected plants were incubated as described above. Bacterial populations in leaves were sampled by taking three leaf disks with a no. 3 cork borer, macerating the disks in 10 mM MgSO4, and plating appropriate dilutions on KB agar containing rifampin, cycloheximide, spectinomycin, streptomycin, and/or kanamycin. Bacterial population size was examined for 4 to 6 days after infiltration.
Construction of site-directed gene replacement strains. The deletion subclone pAavrPto and the transposon-mutagenized clones pTNGus and pTN322 were introduced into wild-type P. syringae pv. tomato strains by pRK2013-assisted mobilization. Transconjugants were selected on KB medium containing rifampin and tetracycline. The resolution of cis merodiploids was accomplished by over 100 generations of growth in KB medium containing the appropriate antibiotics. Double crossover mutants (DC3000AavrPto, 1065Gus, and DC3000TN322 [ Table 2 ]) were identified by selection for retention of the marker carried on the mutated copy of avrPto and screening for loss of the plasmid. Verification of the gene replacement was obtained by DNA gel blot analysis (data not shown).
Genetic analysis to study inheritance of resistance in tomato plants. In order to examine the inheritance of resistance to P. Fig. 1A .
To further localize the avirulence activity, 80 Sau3A subclones of pPtlO-24 in plasmid pRK404 (3) were introduced into P. synngae pv. maculicola, and the transconjugants were inoculated into 76R. One subclone with a 2.6-kb insert (pPtE2 [Fig. 1B] ) that conferred avirulence activity to two P. syringae pv. maculicola and five P. syringae pv. tomato race 1 strains was identified ( (Fig. 1D and I) .
avrPto reduces growth of bacteria in the Pto-containing tomato cultivar. To quantify the effects of avrPto on growth of P. syringae pv. tomato strains in tomato plants, we performed bacterial growth curve experiments (Fig. 2) Fig. 2]) . Addition of pPtE6 to the race 0 strain DC3000 also decreased its ability to grow in 76R by 103-fold (data not shown). P. syringae pv. tomato race 1 transconjugants carrying pPtE2fQ (Fig. 1C) , a mutagenized copy of avrPto, grew as well as wild-type P. syringae pv. tomato race 1 in both 76S and 76R (data not shown). These results demonstrate that a reduced ability of P. syringae pv. tomato to grow in 76R depends specifically on the presence of a functional copy of the avrPto gene and that lack of lesion development in strains containing avrPto is reflected in a reduction in bacterial growth. Conservation of avrPto among P. syringae strains. To determine whether avrPto is conserved among P. syringae pv. tomato race 0 strains, we hybridized DNA from 12 geographically diverse P. syringae pv. tomato strains with avrPto. The 2.2-kb BamHI-Sau3A fragment of avrPto (Fig. 1F) hybridized to DNA from 14 P. syringae pv. tomato race 0 strains, 6 of which are shown in Fig. 3 . DNA from P. syringae pv. tomato strain 2844 had less homology to the probe as evidenced by the weaker signal in that lane. None of the 12 race 1 strains tested, 6 of which are shown in Fig.  3 , contained DNA homologous to the probe. Therefore, in the 26 P. syringae pv. tomato strains tested, there is a strict correlation between avirulence and the presence of avrPtohybridizing DNA as well as between virulence and the absence of homology.
To test whether the avrPto-hybridizing band of P. syningae pv. tomato race 0 strain DC3000 (Fig. 3) (Table 1 and Fig. 4 ). These results demonstrate that avrPto is present in a wide variety of pathogens but not in strains that cause disease on the Pto tomato cultivar 76R. Deletion ofavrPto in P. syringae pv. tomato race 0. Previous studies have indicated that avirulence genes isolated from specific pathogens are often the sole determinants for limiting infection of corresponding cultivars (2, 34, 41) . To determine whether this is the case for avrPto, we deleted the avrPto gene from strain DC3000 to form strain DC3000AavrPto as described in Materials and Methods. Surprisingly, bacterial growth curve experiments showed that DC3000AavrPto grows to levels equal to those of DC3000 in cultivars 76R (PtolPto) and 76S (ptolpto) (Fig. 2) . DC3000AavrPto also did not cause disease in 76R (Table 2) . Similarly, gene replacement strains of DC3000 and JL1065 that contained transposon insertions in the HindIII-XbaI fragment of avrPto (DC3000TN322 and 1065Gus), showed no symptoms in 76R and grew to wild-type levels in 76R and 76S (Table 2 ). Southern analysis indicated that only one copy of avrPto exists in DC3000 and 1065 and that avrPto has been deleted in DC3000AavrPto and insertionally mutated in DC3000TN322 and 1065Gus (data not shown). These results indicate that additional avirulence factors in DC3000 and JL1065 may contribute to resistance of Pto tomatoes to these strains.
The possibility that a second nonhomologous avirulence gene was present in P. syringae pv. tomato strain DC3000 was examined by mobilizing a library of DC3000 into P. syringae pv. maculicola and screening for avirulence activity. Of 611 clones tested, one clone (pDC13- 19) tennial to localized necrosis characteristic of a hypersensitive response (20) (Table 2 ). Both P. syringae pv. glycinea race 0 Cx and P. syringae pv. glycinea race 0 Cx(pPtE2Q) caused the appearance of water-soaked lesions ( Table 2) . Comparison of growth of P. syningae pv. glycinea race 0 Cx(pPtE2) with P. syningae pv. glycinea race 0 Cx(pPtE2Q) in soybean plants shows that P. syningae pv. glycinea race 0 Cx(pPtE2) grew only 500-fold in 6 days, whereas P. syringae pv. glycinea race 0 transconjugants containing a mutated copy of avrPto grew 104-fold in 4 days (Fig. 5) .
DISCUSSION
Bacterial speck disease of tomato provides an excellent model system for studying both plant and bacterial genes that specify disease resistance. As a first step towards understanding the molecular basis of disease resistance, we have cloned and characterized the bacterial avirulence gene, avrPto, from P. syningae pv. tomato and demonstrated that pathogens containing avrPto induce disease resistance specifically in tomato cultivars containing the locus Pto. Isolation of avrPto will facilitate genetic and biochemical studies of the host resistance gene, Pto, that may ultimately lead to its isolation.
Other workers have shown that the activity of a cloned avirulence gene is not restricted to the pathogen from which it was isolated (21, 40, 41 A surprising result of our work is that strains containing a mutated or deleted copy of avrPto grew to wild-type levels in the susceptible and resistant tomato hosts. In all other cases studied, mutation of the avirulence gene in the wild-type strain results in increased growth of the mutated strain in a cultivar containing a single resistance locus (2, 15, 34, 41) . It is possible that the Pto locus encodes a host gene product(s) corresponding to two avirulence gene products present in P. syringae pv. tomato race 0 strains but not in P. syringae pv.
tomato race 1 or P. syringae pv. maculicola. Similarly, a single locus in wheat appears to be involved in specific interactions with two wheat rust pathogens (25, 38) , implying that the same host gene product may recognize products of avirulence alleles of the two pathogens. In the case of the tomato-P. syningae pv. tomato interaction, a recombinant between two hypothetical resistance genes was not identified among 742 F2 progeny analyzed, indicating that if there are two avirulence genes, they interact with the single host gene, Pto, or with two resistance genes at the Pto locus less than 0.13 map unit apart. Alternatively, P. syringae pv. tomato race 0 strains may lack a Pto-specific virulence function present in P. syningae pv. tomato race 1. To differentiate between these two possibilities, we are attempting to isolate a second avirulence gene from P. syringae pv. tomato race 0 and test whether the two P. syringae pv. tomato race 0 avirulence genes interact with the same-or different resistance genes in 76R. We are also trying to identify a Ptospecific virulence function from P. syringae pv. tomato race 1 by complementation in DC3000AavrPto.
In an attempt to characterize single gene resistance in plants, many laboratories have undertaken mutagenesis experiments directed at inactivating the host resistance gene (1, 13, 14) . These strategies are based on the assumption that a single mutation in the host resistance gene will result in loss of resistance when host plants are inoculated with a naturally occurring avirulent strain of the pathogen. While this assumption is true in some cases (13) , we have shown that the avrPto-Pto interaction is not governed by a simple gene-for-gene relationship. Consequently, screening a mutagenized tomato population with P. syringae pv. tomato race 0 (a strain possibly containing two avirulence genes) may require two independent mutation events at the Pto locus to obtain a susceptible mutant. The cloning of avrPto has enabled us to screen for loss of Pto resistance using a genetically defined pathogen. We expect that only a single host mutation will be required to render the plant susceptible to a pathogen carrying the single avirulence gene avrPto.
